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ABSTRACT 
Coral reefs are among the most diverse ecosystems in the world; however, they are 
quickly diminishing due to natural and anthropogenic stressors, including disease.  Corals 
possess innate immune responses that aid in protection against these stressors. In several coral 
species, immune responses are inducible in response to stress. Montipora capitata is a 
predominant coral in Kaneohe Bay, Oahu, Hawaii. This coral occurs in two color morphs, orange 
and red, and is susceptible to the tissue loss disease Montipora white syndrome (MWS). MWS 
disease prevalence within Kaneohe Bay varies, with lower prevalence in the North than South 
Bay and with orange colonies more susceptible than red colonies.  
To begin to characterize the immune system of M. capitata, I measured baseline activity 
of prophenoloxidase (PPO), superoxide dismutase (SOD), catalase (CAT), and peroxidase 
(POX), and melanin concentrations, in natural populations of red and orange M. capitata 
colonies from the North and South Bay. I also assessed immune activity in healthy and natural 
diseased pairs of orange colonies from Kaneohe Bay. To test inducibility of these immune 
responses, orange and red colonies from the North and South Bay were exposed to a bacterial 
pathogen associated with MWS in a laboratory challenge experiment.  
Overall, constitutive immune activity varied, with corals from the North Bay exhibiting 
higher levels than the South Bay.  In the infection experiments, several orange colonies 
developed MWS, but red colonies did not.  South Bay colonies exposed to the MWS pathogen 
showed minor reductions in immune activity. In the North Bay corals, immune enzyme activity 
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increased in both color morphs exposed to a non-pathogenic bacterium; however, activity was 
depressed when exposed to the MWS pathogen.  
Immune activity differences, both constitutive and in challenge experiments, may be due 
to a diversity of host, pathogen, and environmental factors, including the types of immune 
responses used, water quality or environmental stress, and pathogen virulence factors. This study 
adds to our understanding of immune response and disease susceptibility of M. capitata in 
Kaneohe Bay, but more exploration is needed to further understand innate immunity in this 
system.  
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CHAPTER I:  INTRODUCTION 
Coral Reefs 
Coral reefs are among the most diverse ecosystems in the world (Knowlton, 2001).  
Millions of species live primarily on or in association with corals and provide numerous 
ecosystem services (Knowlton, 2001). These ecosystems are crucial to the marine environment, 
providing food and protection to organisms within the reef (Hoegh-Guldberg 1999, Hoegh-
Guldberg and Bruno, 2010). Coral reefs also protect shorelines from damage by acting as a 
barrier from oncoming waves, and enable the formation of associated ecosystems, such as 
mangroves, that also form essential habitats (Hoegh-Guldberg, 1999). In addition, coral reef 
organisms provide food, recreation opportunities, building materials, and biochemical 
compounds to humans (Moberg and Folke, 1999, Hoegh-Guldberg and Bruno, 2010). However, 
coral reefs have dramatically declined in recent years due to widespread disease, and other 
natural and anthropogenic stressors. (Rosenberg and Loya, 2004, Voss and Richardson, 2006, 
Lesser et al., 2007, Mydlarz et al., 2010, Burge et al., 2014, Pollock et al., 2014).  
 
Disease Etiology and Pathogenesis  
Coral disease is a complex interaction between the environment, the pathogen, and the 
coral (Slattery and Gochfeld, 2012, Burge et al., 2014). In order for disease to progress, multiple 
factors must be in place. Many diseases are favored by changing environmental conditions that 
increase prevalence and virulence of pathogens and/or reduce host resistance (Sutherland et al.,
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2004, Bruno et al., 2007, Harvell et al., 2007, Hoegh-Guldberg and Bruno, 2010, Pandolfi et al., 
2011, Higuchi et al., 2013, Burge et al., 2014). For example, in response to climate change and 
rising sea temperatures, coral bleaching is a global epidemic to coral reefs, characterized by the 
loss of the coral’s zooxanthellae and/or pigments from the coral tissue (Brown, 1997, Kushmaro 
et al., 2001, Rosenberg and Falkovitz, 2004, Bourne et al., 2009, Brandt and McManus, 2009, 
Sudek et al., 2012). This loss of zooxanthellae reduces the coral host’s immune competence, 
reducing its ability to defend against infections (Mydlarz et al., 2009, Ban et al., 2014). In 
addition to an increased frequency of bleaching events, coral disease prevalence has also 
increased due to climate change. For example, yellow band disease, a major coral disease in the 
Caribbean, has increased due to the warming of seawater temperatures (Harvell et al., 2009). 
Decreased water quality and nutrient enrichment also increase disease susceptibility in 
corals (Bruno et al., 2003, Voss and Richardson, 2006, Kaczmasrsky and Richardson, 2011, 
D’Angelo et al., 2014, Vega-Thurber et al., 2014). One of the first and most studied coral 
diseases is black band disease (BBD), a globally distributed polymicrobial disease characterized 
by a dark band that moves across healthy coral colonies, leaving necrotic tissue in its path 
(Richardson, 2004, Kramarsky-Winter et al., 2014). Nutrients can increase the effect of BBD 
(Voss and Richardson, 2006), and several other diseases on coral hosts (Bruno et al., 2003, 
Kaczmasrsky and Richardson, 2011, Vega-Thurber et al., 2014).  
Due to these deteriorating conditions, pathogens have an increasing “window of 
opportunity,” in which they can successfully reproduce and cause disease. For example, the 
genus Vibrio is one of the most common marine pathogens, with a suite of virulence factors that 
increase or are induced in rising seawater temperatures (Ben-Haim et al., 2003, Rozenblat and 
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Rosenberg, 2004, Sussman et al., 2009, Kimes et al., 2012, Vezzulli et al., 2013, Zaragoza et al., 
2014).   
In conjunction with the changing environment and pathogen virulence, changes within 
the coral holobiont can also cause increased susceptibility to disease. Corals host an array of 
microorganisms, including their symbiotic zooxanthellae (Harvell et al., 2007, Rosenberg et al., 
2007, Krediet et al., 2013). These zooxanthellae provide energy to the host, as well as the 
production of molecular oxygen, which can also form oxygen radicals, providing protection for 
its host against invading pathogens (Ritchie et al, 2004, Ritchie 2006, Rosenberg et al., 2007). 
Corals also host diverse microbial assemblages, and when these communities are disrupted, this 
can cause the coral to be more susceptible to disease (Muller et al., 2008, Bourne et al., 2009, 
Mydlarz et al., 2009, Higuchi et al., 2013). 
While coral disease is seen globally, corals exhibit only a few symptomologies when 
stressed, such as tissue necrosis, bleaching, growth anomalies, discolored bands, spots, and 
lesions, as well as a combination of these symptomologies (Slattery and Gochfeld, 2012). Also, 
many infections are poly-microbial, making diagnosis of the putative pathogen challenging. For 
example, when coral disease was first reported in the 1970s, scientists attempted to identify coral 
pathogens using microscopic observations of diseased tissue, but because of the variety of 
bacteria present on the slide; they were unable to detect the putative pathogen (Richardson, 
1998).  
When attempting to determine a putative pathogen for disease, including coral diseases, 
Koch’s postulates have been used as a foundation for pathogenic microbiology (Grimes et al., 
2006, Lesser et al., 2007).  Koch’s postulates represent a multi-step procedure to verify that a 
specific microbe is the causative agent of a particular disease. First, the putative pathogen must 
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always be associated with a particular disease. Second, the putative agent must be isolated from 
the disease state and cultivated in pure culture under laboratory conditions. Third, the pure 
culture of the putative pathogen must cause disease when inoculated into or onto a healthy 
organism. Finally, the pathogen must be isolated from the newly diseased individual and 
identified as the original pathogen. 
While Koch’s postulates have been successful in determining the putative pathogens for 
many diseases, proving the pathogen for marine diseases is challenging. Many marine pathogens 
and marine microbes in general, are unculturable (Vartoukian et al., 2010, Slattery and Gochfeld, 
2012). In addition, marine organisms are exposed to a constantly changing environment, which 
can have an effect on host susceptibility and pathogen virulence (Ritchie et al., 2001, Lesser et 
al., 2007, Slattery and Gochfeld, 2012, Egan et al., 2013). Duplicating a changing environment 
in laboratory conditions is difficult, and can add to the challenges in diagnosing marine 
pathogen’s using Koch’s postulates (Slattery and Gochfeld, 2012). In addition, unlike many 
human and wildlife diseases, corals can only exhibit certain symptomologies, which may not be 
unique to particular pathogens (Slattery and Gochfeld, 2012). Without the validation of cellular 
and structural characteristics and a specific pathogen identified, it becomes difficult to confirm a 
specific etiology for most coral diseases.  
Corals also contain diverse microbial communities naturally in their mucus layers and 
tissues (Ritchie et al., 2001, Ritchie, 2006, Lesser et al., 2007, Rosenberg et al., 2007, Bourne et 
al., 2009, Krediet et al., 2013), making it crucial to characterize the “normal flora” of corals 
before attempting to identify a disease-causing pathogen (Lesser et al. 2007). Coral diseases can 
also be polymicrobial, further complicating identifying a specific pathogen (Lesser et al., 2007, 
Bourne et al., 2009). Isolating pathogens for a particular disease may also prove problematic due 
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to the possibility that coral diseases may be caused by primary or opportunistic pathogens 
(Lesser et al., 2007, Bourne et al., 2009).   
Because many coral infectious diseases are polymicrobial, and most marine bacteria are 
unculturable, Grimes (2006) suggested a modified version of Koch’s postulates, combined with a 
molecular based Koch’s postulates (Ritchie et al., 2001), that would aid in diagnosing pathogens 
of coral diseases. Researchers have also attempted to use visible signs of tissue loss or 
discoloration to specifically describe lesions associated with coral diseases (Work and Aeby, 
2006, Work and Meteyer, 2014); while this will enable a physical description of disease, 
microbial data are still needed to further support the etiology and confirm that lesions of similar 
descriptions do indeed have the same causality. 
 Nevertheless, the etiological agents of some coral diseases have been proposed. Since 
coral diseases are constantly emerging and the search for etiological agents continues, this is not 
an exhaustive list, but includes some of the more common or most well understood coral 
diseases. Most recently, two putative pathogens for the tissue loss disease Montipora white 
syndrome (MWS) in Hawaii have been described based on their ability to cause disease signs in 
Montipora capitata in laboratory experiments: the Vibrio owensii strain OCN002 caused sub-
acute tissue loss resembling chronic MWS in the field (Ushijimia et al., 2012), and the Vibrio 
coralliilyticus strain OCN008 caused acute tissue loss associated with acute MWS in the field 
(Ushijima et al., 2014). Skeleton eroding band disease is a globally distributed ciliate infection 
characterized by a progressive speckled black band. It is caused by the protozoan Halofolliulina 
corallasia in the Indo-Pacific and similar ciliates in the Caribbean (Antonius and Lipscomb, 
2000, Harvell et al., 2007, Rodriguez and Croquer, 2008, Palmer and Gates, 2010, Randall et al., 
2014). Porites trematodiasis is disease of the dominant coral genus Porites, and is characterized 
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by coral polyps consisting of pink swollen nodules (Aeby, 2007). This disease is caused by the 
trematode Podocotyloides stenometra, which utilizes the coral as a second intermediate host in 
its life cycle (Aeby, 2007), and is prevalent in Hawaii. Yellow band disease (YBD) is considered 
a major disease in the Caribbean and is characterized by an initial yellow blotch or band that 
eventually expands over the coral (Santavy et al., 1999, Cervino et al., 2001, Cervino et al., 
2008), and is putatively caused by a consortium of Vibrio spp. (Cervino et al., 2008). White band 
disease II (WBD II) is characterized by a rapidly spreading white band of bleached tissue that 
precedes necrotic tissue (Ritchie and Smith, 1998, Gil-Agudelo et al., 2006). This disease is 
deadly to Acroporid corals (Acropora palmata and Acropora cervicornis) and the putative 
pathogen is Vibrio charchariae (Ritchie and Smith, 1998, Gil-Agudelo et al., 2006). Vibrio-
induced bleaching is a type of bleaching associated with two bacterial pathogens, Vibrio shiloi 
and Vibrio coralliilyticus (Ben-Haim and Rosenberg, 2003).  Vibrio virulence is temperature-
dependent, inducing bleaching only at elevated temperatures (Banin et al., 2001, Banin et al., 
2003, Ben-Ham et al., 2003, Kimes et al., 2011, Vidal-Dupiol et al., 2014). One mechanism of 
virulence of Vibrio spp. is the production of a metalloproteinase that inhibits photo inactivation 
of the coral symbionts during increased sea water temperatures (Sussman et al., 2009). Vibrio-
induced bleaching can infect various species of corals. For example, V. coralliilyticus has been 
shown to cause bleaching in the coral Pocillopora damicornis in temperatures greater than 25-
29°C, depending on location (Ben-Haim et al., 2002, Vidal-Dupiol et al., 2014).  In Oculina 
patagonica, Vibrio shiloi is the etiological agent, with infection in corals producing extracellular 
toxins to block photosynthesis in the symbionts, causing bleaching (Rosenberg and Ben-Haim, 
2001, Rosenberg et al., 2004).  However, recent studies have shown that V. shiloi may not be the 
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primary cause bleaching in Oculina patagonica and that the microbial community of O. 
patagonica is successful in protecting the coral against V. shiloi (Nissimov et al., 2009).  
Although more frequently described in hard corals, soft corals (both gorgonians and 
alcyonaceans) are also susceptible to disease. Aspergillosis is one of the better studied soft coral 
diseases and is caused by the fungus Aspergillus sydowii. This disease particularly affects the 
Caribbean sea fan Gorgonia ventalina. Lesions, galling, and purpling of tissue are the main 
symptoms of this disease (Alker et al., 2001, Smith and Weil et al., 2004, Kim and Harvell, 
2004). Tissue necrosis can spread through an entire colony, leading to mortality (Kim and 
Harvell, 2004, Mann et al., 2014). An increase in protease activity has been suggested as the 
source of increased virulence of A. sydowii due to increasing sea surface temperatures (Mann et 
al., 2014).  
Because marine systems are constantly changing, corals may be able to adapt and become 
immune to certain diseases. In one case, a coral disease for which the etiological agent had 
ostensibly been identified has now been called into question. White pox, characterized by 
distinct white lesions and tissue loss, affects the Elkhorn coral, Acropora palmata, an important 
Caribbean reef building coral (Patterson et al., 2002, Sutherland and Ritchie, 2004).  Initially, 
Serratia marcescens, a human enteric pathogen, was isolated in A. palmata in both in situ and 
laboratory experiments, and recently it was suggested that human sewage was a source of the 
pathogen on coral reefs (Sutherland et al., 2011).  However, Lesser and Jarrett (2014), used both 
culture-dependent and culture-independent methods, and could not recover S. marcescens from 
A. palmata tissue or mucus samples, and found that bacterial communities of coral tissue with 
and without white pox lesions showed no differences, calling into question whether S. 
marcescens is the only pathogen responsible for “white pox” lesions in A. palmata. White plague 
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diseases (WPD) present as a bright white band that progresses across the colony and separates 
living from algae infested tissue (Roder et al., 2014).  There are three types of WPD (I, II, III) 
that vary in progression rates and affected species (Sutherland et al., 2004, Roder et al., 2014).  
Aurantimonas coralicida and Thalassomonas loyana were proposed as agents of WPD or WPD 
like lesions (Denner et al., 2003, Thompson et al., 2006); however, further studies failed to 
isolate either species from WPD-affected corals (Pantos et al., 2003, Cardenas et al., 2012, 
Roder et al., 2014).  
Coral diseases are constantly emerging, and there are many diseases for which the 
etiological agent has yet to be found, due to the pathogen being unculturable, or the disease being 
polymicrobial. Dark spot syndrome is a coral disease seen throughout the Caribbean and Indo-
Pacific (Cervino et al., 2001, Gochfeld et al., 2006, Work et al., 2008). It was first observed in 
Siderastrea siderea, but is now seen in multiple species (Porter et al., 2011). The etiology of this 
disease is currently not known (Gochfeld et al., 2006, Porter et al., 2011); however, endolithic 
fungi and other endolithic organisms are associated with DSS in the Caribbean and Indo-Pacific 
(Renegar et al., 2008, Work et al., 2008). Recently, a newly emerging disease called Sinularia 
tissue loss disease was reported from Indo-Pacific soft corals in the genus Sinularia (Slattery et 
al., 2013).  This disease is characterized by gross morphological changes and tissue necrosis, and 
histology identified foreign eukaryotic cells in diseased tissue, although those have not yet been 
identified and their role in etiology is unknown (Slattery et al., 2013).  
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Coral Immunology 
Corals are composed of a surface mucus layer, coral tissue (epidermis and gastrodermis) 
and a calcium carbonate skeleton (Rosenberg et al., 2007). Corals also possess a diversity of 
microorganisms within the coral tissue and the surface mucus layer, as well as their symbiotic 
zooxanthellae that make up the coral holobiont (Harvell et al., 2007, Rosenberg et al., 2007, 
Hunt et al., 2012, Krediet et al., 2013). Like most invertebrates, corals possess an innate immune 
system to protect themselves from disease, environmental, and anthropogenic stressors (Mullen 
et al., 2004, Mydlarz et al., 2006, Dunn, 2009, Mydlarz et al., 2009, Reed et al., 2010, Palmer et 
al., 2011, Palmer and Knowles, 2012, Pinzon, et al., 2014a,b). Invertebrate innate immunity 
delivers a response in the presence of non-self or invading pathogens, and primarily falls into 
three major categories. The coral must be able to distinguish between self and non-self, a 
response must be elicited using the appropriate signaling pathway, and the immune response 
must eliminate the threat (Mydlarz and Harvell, 2007, Palmer and Knowles, 2012).  
Eliminating an invading pathogen and cellular disruption begins with the host 
recognizing “non-self,” accomplished by pattern recognition receptors and proteins (Augustin 
and Bosch, 2010, Palmer and Knowles, 2012, Rauta et al., 2014). Pattern recognition receptors 
bind to pathogen-associated molecular patterns (PAMPs), such as lipopolysaccharides that are 
specific to microbes (Kimes et al., 2012, Palmer and Knowles, 2012, Anwar and Choi, 2014). In 
corals, there are at least three genes that have been investigated specifically as pattern 
recognition receptors: toll-like receptors, lectins, and intergrins (Palmer and Knowles, 2012, 
Rauta et al., 2014). Toll-like receptors are trans-membrane proteins that have a leucine-rich outer 
domain that determines which pathogen-associated molecular patterns to bind to. Lectins are 
binding proteins that are in either the extracellular matrix or cell surface receptors. These activate 
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signaling pathways that induce the melanin-synthesis cascade, antimicrobial protein production, 
and cell adhesion (Mydlarz and Harvell, 2007, Palmer and Knowles, 2012). Integrins mediate 
interactions between cells and the extracellular matrix in cell migration, differentiation, and 
signal transduction (Kvennefors et al., 2010, Palmer and Knowles, 2012).  
To date, only a few immune responses and pathways have been studied in corals, 
including physical barriers, cellular components, and antimicrobial properties (Mullen et al., 
2004, Mydlarz et al., 2006, Ritchie 2006, Rosenberg et al., 2007, Gochfeld and Aeby 2008, 
Mydlarz et al., 2010). Physicochemical barriers are a first line of defense against invading 
pathogens and other causes of stress (Sutherland et al., 2004, Mydlarz and Harvell, 2007, Palmer 
and Knowles, 2012).  Mucus is composed of a polysaccharide protein lipid complex (Brown and 
Bythell, 2005, Ritchie, 2006) and can provide protection against UV by producing a barrier 
between the coral and the exterior environment (Sutherland et al., 2004, Ritchie, 2006). It also 
plays a major role in ciliary feeding, as well as in protection against disease (Brown and Bythell, 
2005). In relation to disease, coral mucus provides mucociliary transport to aid in removing 
invasive microbes, and will even be sloughed off to prevent invading pathogens from entering 
the coral. Mucus also has been documented to have antimicrobial properties (Brown and Bythell, 
2005, Ritchie 2006, Krediet et al., 2013, Gochfeld unpubl. data).  For example, Ritchie (2006) 
tested mucus from Acropora palmata against potential sources of invasive microbes and found 
that the mucus showed antibiotic properties, alluding to the protective properties of the coral 
mucus. 
 Cellular components within the tissue, such as amoebocytes, respond to infection by 
aiding in wound repair and tissue regeneration (Mydlarz et al., 2008, Palmer et al., 2008, 
Mydlarz and Palmer 2011). In gorgonians, amoebocytes are scattered abundantly and are known 
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to aid in wound healing and disease (Mullen et al., 2004, Mydlarz and Harvell, 2007, Richie 
2006, Mydlarz et al., 2008, Couch et al., 2013). For example, Mydlarz et al. (2008) 
demonstrated that amoebocytes in gorgonians are induced and localized to the infection site 
when exposed to the fungal pathogen Aspergillus sydowii.  In several scleractinian corals 
species, melanin containing granular cells in the gastrodermis and epidermis may represent 
amoebocyte like cells and aid in protecting against disease (Palmer et al., 2008, Palmer et al., 
2011). 
The melanin synthesis pathway is a major innate immune defense system in corals 
(Söderhäll and Cerenius, 1998, Reed et al., 2010, Mydlarz and Palmer, 2011, Palmer et al., 2012 
Palmer and Knowles, 2012). Melanization occurs when melanin is deposited and surrounds the 
invading pathogen due to the oxidoreductase, phenoloxidase (Söderhäll and Cerenius, 1998). 
Prophenoloxidase (PPO) is the immune enzyme that initiates the melanin synthesis pathway 
(Söderhäll and Cerenius, 1998, Mydlarz et al., 2008, Palmer et al., 2008, Palmer et al., 2010, 
Reed et al., 2010, Palmer and Knowles, 2012, Sheridan et al., 2014). When triggered by a 
pathogen, pathogen derived products, or injury, PPO is cleaved into phenoloxidase (PO) 
(Söderhäll and Cerenius, 1998, Mydlarz et al., 2008, Palmer et al., 2008, Palmer et al., 2010, 
Reed et al., 2010, Palmer and Knowles, 2012). Once PO is activated, melanin synthesis occurs 
via hydroxylation of mono-phenol substrates (such as tyrosine) to diphenol substrates (e.g., L-
DOPA).  Diphenoloxidases then oxidize ortho-diphenols (dopamine), to chromatic compounds 
or quinones (o-diphenoloxidase or catecholase), which are then polymerized into melanin 
(Palmer et al., 2012). When melanin is produced, it generates cytotoxic byproducts that are 
capable of killing invading pathogens, and the melanin itself can also encapsulate the pathogens 
(Couch et al., 2008, Palmer et al., 2011, Palmer et al., 2012). Recent studies have tested the 
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activity levels of melanin and prophenoloxidase in soft and hard corals. For example, Palmer et 
al. (2011) tested healthy and diseased colonies of Acropora millepora for phenoloxidase activity. 
While both healthy and diseased colonies showed some baseline levels of PO activity, areas of 
disease within colonies exhibited lower PO activity than healthy tissue, suggesting that the 
baseline levels in the diseased corals were too low and were overcome by the pathogens, leading 
to infection of the coral (Palmer et al., 2011).  However, Mydlarz et al. (2009) tested yellow 
band diseased Montastraea faveolata colonies and found that mean PPO activity in infected 
tissue was two times higher than in healthy tissue. Differences in levels of innate immune 
characteristics in different species may be due to the more rapid growth rates of certain corals 
than others, or to the fact that the energetic and nutritional resources needed to up-regulate this 
immune response may be naturally lower or depleted due to disease (Palmer et al., 2011).   
Antioxidant enzymes, such as superoxide dismutase (SOD), catalase (CAT), and 
peroxidase (POX) aid in the immune response by scavenging hydrogen peroxide, removing 
superoxide anions, and regulating oxidative stress during pathogen-induced host response 
(Mydlarz et al., 2006, Mydlarz and Harvell 2007, Couch et al., 2008, Mydlarz and Palmer 2011, 
Palmer et al., 2011, Pinzon et al., 2014a). SOD is an antioxidant that has been studied for its 
potential immune function in corals (Hoegh-Guldberg, 1999, Couch et al., 2008, Mydlarz and 
Palmer, 2011). SOD aids in removing superoxide anions (Lesser, 1997, Lesser, 2006, Mydlarz et 
al. 2006, Mydlarz and Harvell, 2007, Couch et.al, 2008, Reed et al., 2010) by converting the 
anions to hydrogen peroxide and molecular oxygen (Lesser, 2006). This is important for 
regulating oxidative stress during pathogen induced immune responses, and has been used as 
indicator for oxidative stress in corals during thermal stress (Couch et al., 2008).  In corals, an 
increase in oxidative stress when exposed to elevated temperature or UV radiation leads to an 
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induction of antioxidant enzymes, such as SOD (Lesser, 1997).  In a study by Mydlarz and 
Palmer (2011), a significant correlation between phenoloxidase activity and antioxidants 
(including SOD) was recorded in several species of coral. Corals with higher levels of 
phenoloxidase activity may also use antioxidants to offset the oxygen radicals produced by 
phenoloxidases in the melanin synthesis pathway (Mydlarz and Palmer, 2011).  
Catalases are antioxidants that break down hydrogen peroxide into water and molecular 
oxygen (Mydlarz and Harvell 2007, Couch et al., 2008, Palmer et al., 2008, Mydlarz et al., 2009, 
Palmer et al., 2011). Studies have shown that hydrogen peroxide scavenging activity may 
prevent self-harm and can aid in periods of extreme oxidative stress (Palmer et al., 2009). For 
example, Porites astreoides up-regulates hydrogen peroxide scavenging in the presence of 
commercial lipopolysaccharide (LPS), a known pathogen-associated molecular pattern (PAMP) 
(Palmer et al., 2011).  
Peroxidases are also hydrogen peroxide scavenging enzymes that convert hydrogen 
peroxide into water and an oxidized donor molecule (Lesser, 2006). They are used in 
phagocytosis, immune cell function, cell adhesion, antioxidant functions, and act as biomarkers 
for stress (Mydlarz and Harvell, 2007). Previously, studies have shown that peroxidase activity 
may aid in coral resistance against disease (Mydlarz and Harvell, 2007, Mydlarz and Palmer 
2011). In a laboratory experiment, samples of G. ventalina showed significantly higher 
peroxidase activity when infected with a pathogenic fungus (Mydlarz and Harvell, 2007). In 
naturally infected sea fans, however, peroxidase activity is lower in areas with lesions than in 
areas of healthy tissue on the same coral (Mydlarz and Harvell, 2007). Peroxidase activity levels 
have also been used as a marker for immune function in bleached corals. In Mydlarz et al. 
(2009), colonies of bleached, apparently healthy, and yellow band diseased M. faveolata were 
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tested to determine levels of immune function. In natural populations of M. faveolata, peroxidase 
activity was significantly higher in apparently healthy colonies (Mydlarz et al., 2009).  
Some corals have been found to produce antimicrobial compounds (Gochfeld and Aeby, 
2008, Mullen et al., 2004, Ritchie 2006, Rosenberg et al., 2007, Slattery and Gochfeld, 2012, 
Gochfeld et al., 2014), including antimicrobial peptides (Geffen and Rosenberg 2005, Couch et 
al., 2008, Mydlarz et al., 2009, Vidal-Dupiol et al. 2011a,b). Antimicrobial compounds and 
small peptides have been shown to inhibit bacterial growth to pathogenic and non-pathogenic 
bacteria in vitro (Geffen and Rosenberg, 2005, Gochfeld and Aeby, 2008, Mydlarz et al., 2009, 
Palmer and Knowles, 2012).  In Gochfeld and Aeby (2008), tissue extracts from three of the 
dominant coral species in Hawaii (M. capitata, Porites lobata, and Pocillopora meandrina), 
exhibited antibacterial chemical defenses against a panel of human and marine pathogens, when 
tested at natural concentrations. In M. capitata, extracts from tissue affected by MWS had lower 
levels of antibacterial activity against certain pathogens than did healthy tissue (Gochfeld and 
Aeby, 2008). In Mydlarz et al. (2009), antibacterial activity of protein extracts from healthy, 
bleached, and yellow band diseased M. faveolata, was tested. In bleached corals, the levels of 
antibacterial activity in these protein extracts were much lower than in healthy corals (Mydlarz et 
al., 2009). In infected and healthy tissue from yellow band diseased M. faveolata, there was 
higher antibacterial activity compared to colonies that were apparently healthy, suggesting that 
the antibacterial activity may be induced systemically (Mydlarz et al., 2009). 
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The Study System 
Kaneohe Bay rests on the eastern side of Oahu, Hawaii. It is an estuarine coral reef 
ecosystem that hosts a larger barrier reef and numerous patch and fringing reefs (Hunter and 
Evans, 1995, Work et al., 2006, Aeby et al., 2010). Prior to 1977, sewage was discharged into 
the bay from three treatment plants (Smith et al., 1981, Hunter and Evans, 1995), which have 
subsequently been re-routed offshore. The southern portion of Kaneohe Bay is more urbanized, 
with residential, commercial, and light industry, while the northern portion remains more rural 
and agricultural (Smith et al., 1981, Hunter and Evans, 1995, Aeby et al., 2010).  Thus, different 
types of runoff occur during frequent rainfall events in different parts of the bay (Smith et al., 
1981, Hunter and Evans, 1995, Cox et al., 2006, DeCarlo et al., 2007, Drupp et al., 2011, Tanaka 
et al., 2013). Within the bay, the residence time of the water varies between 5-8 days in the 
North Bay and up to 30 days in the South Bay (Smith et al., 1981, Hunter and Evans, 1995, 
Lowe et al., 2009, Tanaka et al, 2013). Previous research has indicated that Montipora white 
syndrome prevalence differs among regions of Kaneohe Bay, with a higher prevalence in the 
south end than in the north end of the bay (Aeby et al. 2010), which may be due to the 
differences in water quality and retention times within the bay. 
Montipora capitata is a scleractinian coral in the family Acroporidae and is one of the 
dominant corals found in the shallow waters in Kaneohe Bay.  M. capitata has been exposed to 
reduced water quality from terrestrial runoff (Hunter and Evans, 1995, Cox et al. 2006,  DeCarlo 
et al., 2007, Aeby et al. 2010, Drupp et al., 2011, Tanaka et al., 2013) and has been plagued with 
MWS, a disease that is characterized by tissue loss and gross lesions that can occur in acute and 
chronic states (Aeby, 2006, Aeby et al., 2010, Work et al., 2012, Ushijima et al., 2012, Ushijima 
et al., 2014).  Chronic MWS (cMWS) is a subacute tissue loss disease, taking months to 
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complete tissue loss.  The Vibro owensii (OCN002) strain has been identified as a possible 
bacterial pathogen for chronic MWS based on laboratory experiments (Aeby et al., 2010, 
Ushijima et al., 2012). Acute MWS (aMWS) is a comparatively faster acute tissue loss infection 
(days to weeks) that can be caused by Vibrio coralliilyticus strain OCN008 in laboratory 
experiments (Ushijima et al., 2014). MWS is directly transmissible between M. capitata colonies 
(Aeby et al., 2010). 
Montipora capitata occurs in two color morphs, red and orange. These color morphs 
have different susceptibilities to this disease on the reef (Aeby and Shore-Maggio, unpubl. data), 
which may be due to differences in constitutive immune defenses and inducible immune 
responses to pathogenesis. Previous research has indicated that orange colonies are significantly 
more susceptible to MWS than are red colonies (Aeby and Shore-Maggio, unpubl. data.), and the 
chemical profiles of tissue extracts from the two color morphs exhibited differences, which 
translate into different levels of antibacterial resistance (Gochfeld et al., 2014). The orange and 
red (“brown”; LaJeunesse et al., 2004) color morphs of M. capitata also host different clades of 
zooxanthellae, with the orange colonies having clade D and the red colonies having clade C 
(LaJeunesse et al., 2004). Recently, Shore-Maggio et al. (in prep) showed that while the color 
morphs shared dominant bacterial genera, the color morphs do have distinct bacterial 
communities. 
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Research Objectives  
Overall, the goal of this research is to provide insight into how the Hawaiian coral 
Montipora capitata defends itself against invading pathogens. M. capitata is one of the dominant 
coral species in Hawaii and is of great ecological importance in the coral reef community. With 
the prevalence and severity of coral disease increasing, and the chronic mortality due to 
Montipora white syndrome, it is imperative to understand how certain colonies of M. capitata 
protect themselves from disease. Understanding the immune system of this coral species will 
provide insight into how M. capitata utilizes its innate immune system to respond to stress and 
disease.  
 Hypothesis 1: There will be differences in immune function between healthy red vs. 
orange M. capitata, healthy vs. diseased orange M. capitata, and healthy red and orange 
colonies from the northern vs. the southern portions of Kaneohe bay. 
o Hypothesis 1a: Healthy red colonies of M. capitata will exhibit higher levels of 
immune function than orange colonies.  
o Hypothesis b: M. capitata from the northern part of Kaneohe Bay will have 
higher levels of immune function than corals in the southern portion of Kaneohe 
Bay.  
 Hypothesis 2: Innate immune defenses are inducible responses to infection, and will 
exhibit higher levels during pathogenesis.  
 To determine baseline immune function in the environment, samples of healthy red and 
orange M. capitata from the North and South Bay, and healthy and diseased samples of orange 
M. capitata will be collected and tested for various types of immune defenses. To determine 
whether immune responses are inducible, samples of orange and red M. capitata colonies from 
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both the northern and southern portions of Kaneohe Bay will be collected and exposed to the 
pathogen associated with acute Montipora white syndrome (V. coralliilyticus strain OCN008; 
Ushijima et al., 2014), in a 96 hour infection experiment, and will be tested for immune 
defenses.
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CHAPTER II: METHODS 
Coral Collection 
For the laboratory infection experiments, four pieces of 8 apparently healthy red and 8 
apparently healthy orange colonies of Montipora capitata (Fig. 1A) were collected by hand at a 
depth of 3-4 meters using snorkel from the fringing reef surrounding Moku o Lo'e (also known 
as Coconut Island), in the southern region of Kaneohe Bay, Oahu, Hawaii (Fig. 2).  A second set 
of 8 colonies of each color was collected from patch reef #43 in the northern region of Kaneohe 
Bay. Corals were placed in labeled re-sealable plastic bags filled with seawater and then into 5 
gallon buckets filled with seawater and immediately transferred to the Hawaii Institute of Marine 
Biology (HIMB) where they were placed in seawater holding tables. For both experiments, each 
colony was subdivided into four similarly sized pieces (approx. 9-10 cm diam). The corals were 
maintained in seawater tables held at ambient temperature (27°C) at HIMB and were allowed to 
acclimate for three days before the start of the infection trials.  
To compare natural populations of healthy and diseased corals, pairs of orange M. 
capitata were collected at 3-4 m deep in the southern part of Kaneohe bay. Six colonies that were 
infected with acute MWS and six colonies infected with chronic MWS were selected, along with 
their nearest healthy neighboring colony (Fig. 1B). From the diseased corals, pieces were 
collected from apparently healthy tissue adjacent to the diseased (white) portion of the colony. 
Colonies with acute MWS were distinguished as those with > 5 cm of bare white skeleton, 
indicating very recent and rapid tissue loss, whereas those with chronic MWS were distinguished 
as those with < 1cm of bare white skeleton between an area of intact tissue and older dead
 20 
 
skeleton colonized by algae (Aeby personal communication).  While red colonies are seen more 
prevalently in the field, orange M. capitata colonies were selected because they are observed 
with disease in the field more frequently than red colonies (Aeby and Shore-Maggio, unpubl. 
data). Corals were immediately transferred to a water table and allowed to acclimate for 24 hours 
before being flash frozen in liquid nitrogen. Corals were stored in a -80°C freezer until shipped 
to the University of Mississippi for processing. 
 
 
 
 
Figure 1. Study organism. (A) Healthy red and orange Montipora capitata. (B) Montipora 
capitata colony infected with Montipora white syndrome. (Photo credits: Greta Aeby)  
 
                       
Red Orange 
1A 1B 
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Figure 2. Aerial view of Kaneohe Bay, Oahu, Hawaii. Stars indicate reef sites where corals were 
collected for experiments. The top star represents the North Bay site, and the bottom star 
represents that South Bay site. 
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Inoculation experiment 
 For the inoculation experiments, two strains of marine bacteria isolated from M. capitata, 
OCN004 (Alteromonas sp., a nonpathogenic strain; Ushijima et al. 2012) and OCN008  (Vibrio 
coralliilyticus, a pathogenic strain that causes acute MWS in the lab; Ushijima et al. 2014), were 
streaked onto glycerol artificial seawater (GASW) agar plates using a sterile pipette tip. Plates 
were grown at 28°C for 24 hours. Isolated cultures were then inoculated into 500mL of 
autoclaved GASW medium, pH 7.7, and left to grow at 27°C, shaking at 6 x g, until an OD600 
of at least 1.6 was reached. Cultures were spun down at 5,000 rpm for 8 minutes, and washed 
with seawater passed through a 0.2µm filter (filtered seawater [FSW]). Bacterial pellets were re-
suspended in FSW to an OD600 of 0.8. To determine the number of colony forming units per 
mL of sample, a bacterial growth curve was generated based on counting colonies from serial 
dilutions of the cultures plated onto solid GASW media, following methods used by Ushijima et 
al. (2012).  
 Twenty four hours prior to the experiment, the aquaria for the experiment were set up. 
All air hoses were sterilized by autoclaving. Aquaria, lids, and stands were washed with a 
bleach-sodium thiosulfate solution. Three 15L buckets were sterilized with bleach and rinsed 
with FSW for the sterilization washes. Items were submerged in the series of 3 washes: a 0.26 
ml/L bleach solution, a 1.3 g/L sodium thiosulfate wash solution, and FSW to remove any 
chemical residues. The experiment utilized a blocked design with fragments from each colony of 
each color morph exposed to each treatment.  Four-liter aquaria filled with 3L of FSW were used 
to house individual coral fragments (48 aquaria total). Eight aquaria were placed in each of six 
larger secondary containers containing a freshwater bath with heaters and water pumps to 
maintain ambient temperature (27-28°C), as described by Ushijima et al. (2014). Clear aquarium 
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hose air lines provided adequate aeration to the individual aquaria housing the corals. White 1 
cm x 1 cm plastic grates elevated 3 cm off the bottom of the tanks were used to support corals 
during the experiments.  
To identify constitutive levels of Montipora capitata immune parameters, and to assess 
whether these immune parameters are inducible when exposed to a pathogen challenge, colonies 
of both color morphs from both regions of Kaneohe Bay were divided into four treatments (Fig. 
3): (1) an initial sample that was flash frozen in liquid nitrogen and stored in a -80°C freezer until 
processing, (2) a control that was placed in an aquarium with no bacteria added, (3) a bacterial 
control, in which the aquarium was inoculated with the non-pathogenic bacterial strain, OCN004 
(Alteromonas sp.; Ushijima et al., 2012), and (4) an experimental tank, in which the aquarium 
was inoculated with the pathogenic bacterium, OCN008 (Fig. 3A-B) [V. coralliilyticus; Ushijima 
et al., 2014].  For the bacterial control and pathogen tanks, corals were inoculated with a culture 
of 10
10
 CFU/mL, giving a final concentration of 10
8
 CFU/mL in the tanks, as described by 
Ushijima et al. (2014). The experiment was repeated twice, with the 8 red and 8 orange colonies 
from the South Bay in the first run, and the 8 red and 8 orange colonies from the North Bay in 
the second run. The locations of the aquaria were randomized in order to reduce the potential for 
experimental error. 
To reduce stress on the corals, corals were transferred into their respective tanks and the 
temperature increased at a rate of 1°C per hour until the outer containers reached 28°C. Once the 
correct temperature was reached, the OCN008 treatment corals were inoculated with 10 mL of 
the bacterial culture per 1L FSW, for a total of 30 mL per tank. The bacterial solution was 
pipetted slowly over the entire coral surface to provide plenty of surface area for bacteria to 
infect. The OCN004 non-pathogenic control corals were inoculated with 15mL/L of bacterial 
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solution, pipetted slowly over the coral as described for the OCN008 treatment. Aeration was 
turned off during the inoculation of corals, and left off for four hours after inoculation to ensure 
that the bacteria settled onto the coral. All coral tanks received aeration after the four hour 
period.  
The experiment ran for a total of 96 hours. Corals were checked and photographed every 
four hours to observe signs of disease and to check the temperature of the outer containers. When 
the OCN008 treatment of a colony exhibited 30% tissue loss, the entire colony (FSW only 
control, OCN004 non-pathogenic control, and OCN008 pathogenic treatment) was flash frozen 
in liquid nitrogen and stored in an 80°C freezer. This percentage of tissue loss was selected to 
ensure that there was sufficient tissue remaining to assess immunity levels in the assays 
described below. At the end of the 96 hour exposure period, the remaining corals were flash 
frozen in liquid nitrogen and stored in a -80°C freezer until shipped on dry ice to the University 
of Mississippi, Oxford, MS. The experiment was repeated for corals collected in the northern 
part of Kaneohe Bay.  
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Figure 3. Experimental Design for Infection Experiments. (A) Each coral colony was divided 
into four treatments: Initial, Control, OCN004 Non-Pathogenic Control, and OCN008 Pathogen 
Treatment. (B) Corals were randomly placed in 3L aquaria inside a larger water bath to maintain 
temperature.  
         
 
Coral Processing 
Each frozen coral sample was subdivided into five pieces for various assays: one to test 
for antimicrobial chemical defenses, one for protein extraction and immune parameter assays, 
one archived sample, one for proteomics and one for zooxanthellae typing. Corals were placed in 
a container of dry ice, cut using bone cutters, and immediately returned to the -80°C freezer to 
avoid protein degradation.  
 
Protein Extractions 
For protein analysis and immune enzyme assays (prophenoloxidase, peroxidase, catalase, 
and superoxide dismutase), corals were ground into a fine powder using liquid nitrogen with a 
mortar and pestle. Once samples were ground, ~200mg of powder was transferred to a tared 
microcentrifuge tube for melanin analysis, and stored on dry ice. The remaining powder was 
immediately transferred into a falcon tube and 0.1M PBS, pH 7.8, buffer was added to produce 
tissue slurry. The mixture was incubated on ice for 45 minutes and centrifuged at 534 x g at 4°C. 
Initial 
Control  
OCN004  
Non-Pathogenic  
Control  
OCN008 
Pathogen 
Treatment 
3A 3B 
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The supernatant was transferred into new labeled microcentrifuge tubes and placed on ice until 
stored in a -80°C freezer. 
 
Bradford Assay 
To determine total protein concentration in each sample, protein was quantified using the 
Bradford Protein Assay. 10uL of protein extract was added to 40uL of bovine serum albumin 
(BSA) standard (Sigma-Aldrich) and combined with 160uL Millipore® water in a 96-well plate. 
Absorbance was read at 595 nm and standardized to a BSA standard curve (McGinty et al., 
2012). For this and all assays below, PBS buffer controls were included. 
  
Melanin 
Approximately 200mg of each powdered sample was lyophilized overnight. The dried 
sample was weighed and 300uL of 10M NaOH was added and the sample was vortexed for 20 
seconds to aid in the tissue extraction process. A 2mg/mL 10M NaOH melanin (Sigma-Aldrich) 
stock solution was created and treated the same as the samples. The samples and melanin stock 
were vortexed periodically for 48 hours, as described in Mydlarz and Palmer (2011). After 
incubation, samples were vortexed and centrifuged at room temperature at 93 x g. A serial 
dilution of the melanin stock solution was created and 40uL of each extract and standard was 
added in triplicate to a ½ well UV transparent plate and read at 490 nm on a Synergy HT BioTek 
micro plate reader.  Absorbance was converted to µg melanin using the standard curve created. 
Following the assay, the supernatant was transferred to a new tube and placed in a -80 freezer for 
storage. The remaining coral skeletal material was washed three times with water, lyophilized 
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overnight, and reweighed. The skeleton was subtracted from the initial dry weight (tissue + 
skeleton) to obtain mg of tissue. Melanin was reported as µg melanin per mg tissue.   
 
Immune Enzyme Activity Assays 
Prophenoloxidase  
To measure phenoloxidase activity, 20 uL of coral protein extract was diluted with 20 uL 
0.1M Phosphate buffer, pH 7.8, and added in triplicate to a standard 96 well plate. 25uL of 0.1 
mg/mL trypsin was added to each sample, which was incubated at room temperature for 30 
minutes, followed by the addition of 30uL of 10mM dopamine. Plates were read on a Synergy 
HT BioTek micro plate reader and activity was measured at 490nm for 20 minutes using Gen5 
data analysis software and presented as a change in absorbance per minute per mg of protein 
(Mydlarz and Palmer 2011). For these samples, the linear portion of the curve over a time frame 
of 20 minutes was determined.   
 
Antioxidant enzymes 
Activity of three antioxidant enzymes, peroxidase, superoxide dismutase and catalase, 
was measured following methods based on and modified from Mydlarz and Palmer (2011). For 
peroxidase activity, 25 uL of crude protein extract was diluted with 25uL of 0.01M phosphate 
buffer, pH 6.03, and added in triplicate to a standard 96 well plate. 25uL of 25mM guaiacol in 
0.01M phosphate buffer, pH 6.03, was added to samples. The 96 well plate was placed on the 
plate reader before the addition of hydrogen peroxide so that reading could begin immediately. 
The reaction was initiated with the addition of 10uL of 20mM hydrogen peroxide prepared in 
0.01M phosphate buffer, pH 6.03, and read immediately using the Gen5 software. Optical 
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density was measured over 20 minutes at 470nm.  Peroxidase activity was measured as a change 
in absorbance at 470 nm per minute and normalized among samples to mg protein, as described 
in Mydlarz and Harvell (2007).  For peroxidase samples, the linear portion of the curve was 
standardized between 2 and 12 minutes, giving a total time change of 10 minutes.  
Superoxide dismutase activity was measured using the SOD Assay Determination Kit-
WST.  The kit includes WST-1, a highly water-soluble tertrazolium salt that produces a water-
soluble formazan dye when the superoxide anion is reduced (Fluka BioChemika, Buchsm, 
Switzerland). For this assay, 10uL of extract was diluted with 10uL of Millipore water and added 
in triplicate to a 96 well plate. The samples and SOD standards were diluted with 200uL of WST 
working solution (1mL WST diluted in 19mL buffer solution). The samples were incubated for 
20 minutes at 37°C with 20uL xanthine oxidase, which produces the superoxide anion. Inhibition 
of absorbance at 450nm was monitored and percent inhibition was normalized by mg protein 
(Couch et al., 2008, Mydlarz and Palmer, 2011).  
To measure catalase activity, 20uL of coral protein extract was added to a 96 well plate in 
triplicate and diluted with 30uL of 50mM PBS, pH 7.0. A standard curve was generated using a 
50mM H2O2 solution. The 96 well plate was placed in the plate reader and the reaction was 
initiated with 50uL of 50mM H2O2. The plate was immediately read at 470nm for 20 minutes, 
reading every 30 seconds. Catalase activity was standardized to the linear portion of the curve 
(10 minutes) and activity was reported as mM H2O2 scavenged per min per mg protein. 
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Statistical Analysis  
 All data were tested for normality and homoscedasticity using Shapiro-Wilks and 
Levene’s test, respectively. Datasets that did not meet these assumptions were log transformed, 
and re-analyzed for normality and homoscedasticity. If the data continued to violate assumptions, 
the appropriate non-parametric test was conducted. All data were analyzed using R software (R 
Development Core Team, 2008).  
 
Natural Populations  
To examine baseline levels of immune function in red and orange M. capitata collected 
in the North and South Bay, prophenoloxidase activity, melanin concentration, and antioxidant 
enzyme (superoxide dismutase, catalase, peroxidase) activity were compared between color 
morph and location using a two-way MANOVA. For significant main effects, the data were 
further evaluated using two-way ANOVAs, followed by unpaired t-tests.  Healthy and diseased 
pairs of M. capitata were compared using unpaired t-tests for each immune endpoint, since the 
low sample size did not allow us to perform a one-way MANOVA. Even after transformation, 
SOD activity in the healthy vs. chronic MWS analysis did not meet assumptions, and was 
analyzed using the Mann-Whitney U test. 
   
Infection Experiments  
 The infection experiments on samples from the North Bay and South Bay were 
performed at different times and were therefore analyzed separately. Prophenoloxidase activity, 
melanin concentration, and superoxide dismutase, catalase, and peroxidase activity were 
compared between treatments, color morphs, and genotypes (colony). Immune response was 
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analyzed using a two-way split-plot MANOVA, with color morph and treatment as the main 
effects, and colony nested within color. Significant effects from the two-way MANOVAs were 
further analyzed using two way ANOVAs for each of the immune response measures, in which 
significant effects were evaluated using Tukey’s HSD Post Hoc Tests.  
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CHAPTER III: RESULTS 
Natural Populations: Color morph vs. Location 
PPO and Melanin Cascade  
When all measures of immune function in red and orange color morphs from the North 
and South Bay were analyzed, MANOVA did not identify a significant effect of color (p=0.76), 
or a significant interaction between color and location (p=0.37), but there was a trend towards a 
significant location effect (p=0.06; Table 1). Upon further exploration, a follow-up two-way 
ANOVA identified a significant location effect in PPO activity (p=0.04; Fig. 4A), with corals 
from the North Bay showing higher levels of baseline PPO activity than those from the South 
Bay (unpaired t-test, t=2.2, df=25, p=0.04 Fig. 4A). Baseline PPO activity did not vary 
significantly among color morphs and there was no significant color x location interaction. In 
contrast, melanin concentration did not vary significantly among either color morphs or locations 
(Fig. 4B).   
 
Antioxidants 
Two-way ANOVAs indicated no significant effect of color or location for any of the 
antioxidant enzymes measured (Table 1; Fig. 5A, 5B, 5C). There was a trend towards a 
significant color x location interaction for baseline catalase activity (p=0.06; Fig. 2B), which was 
related to a significant difference in catalase activity between red and orange colonies in the 
North Bay (unpaired t test, t=-2.19, df= 11, p=0.049; Fig. 5B), but this may be due to a reduced 
sample size (n=6) among the orange colonies.  
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Table 1: MANOVA and post-hoc tests on immune function measures in natural populations of 
Montipora capitata from Kaneohe Bay, Oahu. Factors include color (red vs. orange) and location 
(North vs. South Bay). Stars indicate statistical significance at p<0.05.  
 
 
 
 
Dataset/Factors Statistical Test Wilks 
Lambda 
F Df P  
 
NATURAL POPULATIONS 
     
Color vs. Location 2-way MANOVA     
Color    0.84 0.51 5,14 0.76 
Location    0.51 2.67 5,14 0.06 
Color: Location    0.71 1.16 5,14 0.37 
      
PPO 2-way ANOVA     
Color   0.008 1 0.93 
Location   4.47 1 0.038* 
Color: Location   1.27 1 0.27 
PPO Post-Hoc Tests      
South vs. North  Unpaired t-test   25 0.038* 
      
Melanin 2-way ANOVA     
Color   2.64 1 0.12 
Location   0.38 1 0.54 
Color: Location   0.93 1 0.34 
      
SOD 2-way ANOVA     
Color   0.037 1 0.85 
Location   0.041 1 0.84 
Color: Location   2.44 1 0.13 
      
CAT 2-way ANOVA     
Color   0.35 1 0.22 
Location   0.070 1 0.79 
Color: Location   3.78 1 0.06 
CAT Post-Hoc Tests      
North Red vs. Orange  Unpaired t-test   11 0.049* 
South Red vs. Orange Unpaired t-test   11 0.11 
 
POX 
 
2-way ANOVA 
    
Color   1.59 1 0.22 
Location   3.53 1 0.075 
Color: Location   1.58 1 0.22 
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Figure 4: Mean (±SE) (A) prophenoloxidase (PPO) activity and (B) melanin content in natural 
populations of red (red bars) and orange (orange bars) color morphs of Montipora capitata from 
South and North Kaneohe Bay. Solid lines indicate a significant difference between groups, as 
confirmed by post hoc tests. For each bar, n=8 unless otherwise noted. 
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Figure 5: Mean (±SE) (A) superoxide dismutase (SOD) activity, (B) catalase (CAT) activity and 
(C) peroxidase (POX) activity in natural populations of red (red bars) and orange (orange bars) 
color morphs of Montipora capitata from South and North Kaneohe Bay. Solid lines indicate a 
significant difference between groups, as confirmed by post hoc tests. For each bar, n=8 unless 
otherwise noted in parentheses. 
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Natural Populations: Healthy vs. Diseased 
PPO and Melanin Cascade  
When healthy colonies were compared with those affected by either acute or chronic 
MWS, there was no significant difference in either PPO activity (unpaired t-test, t=0.30, df=9, 
p=0.76 for acute; t=-1.44, df= 9, p=0.18 for chronic; Fig. 6A) or melanin concentration with 
health state (unpaired t-test, t=0.34, df=3, p=0.76 for acute; t=-1.23, df=4, p=0.29 for chronic; 
Fig. 6B). Differences in melanin concentration between healthy corals and those affected with 
acute MWS might have been detected given a larger sample size. 
 
Antioxidants 
Among the healthy and diseased pairs, there were no significant differences in SOD 
(unpaired t test, t=-0.91, df=9, p=0.38 for acute; Mann-Whitney U test, w=23, p=0.48 for 
chronic; Fig. 7A) or peroxidase activity (unpaired t test, t=-0.72, df=7, p=0.50 for acute; 
unpaired t test, t=0.64, df=8, p=0.54 for chronic; Fig. 7C). There was a significantly reduced 
level of catalase activity in the colonies affected by acute MWS, as compared to neighboring 
healthy colonies (unpaired t test, t=-2.66, df = 6, p=0.037; Fig. 7B). This difference was not seen 
in the chronic MWS-affected colonies (unpaired t test, t=0.25, df= 7, p=0.81; Fig. 7B).  
 
 
 
 
 
 
 36 
 
Figure 6: Mean (±SE) (A) prophenoloxidase (PPO) activity and (B) melanin content in in healthy 
(green bars) and diseased (red bars) colonies of Montipora capitata affected by acute or chronic 
Montipora White Syndrome.  For each bar, n=6 unless otherwise noted in parentheses.  
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Figure 7: Mean (±SE) antioxidant activity in healthy (green bars) and diseased (red bars) 
colonies of Montipora capitata affected by acute or chronic Montipora White Syndrome. (A) 
Superoxide dismutase (SOD) activity, (B) Catalase (CAT) activity, (C) Peroxidase (POX) 
activity. Solid lines indicate a significant difference between groups, as confirmed by unpaired t-
tests. For each bar, n=6 unless otherwise noted in parentheses.  
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Infection Experiments 
Tissue Loss  
Colonies in the infection experiments were examined every 4 hours to monitor tissue loss 
and the entire colony was removed from the experiment and preserved as soon as the pathogen-
treated sample exhibited approximately 30% tissue loss. Only samples in the pathogen 
(OCN008) treatment exhibited any tissue loss during the 96-hour experiments. There was a 
significant difference in the number of M. capitata colonies that exhibited 30% tissue loss 
between orange and red colonies, as well as between the North and South Bay. In the South Bay 
infection experiment, five out of eight orange colonies exhibited 30% tissue loss before the 96-
hour endpoint, whereas in the North Bay infection experiment, only one orange colony exhibited 
30% tissue loss before the end of the experiment (Fisher’s exact test, p=0.006). No red colonies 
from either the South or North Bay showed any signs of tissue loss.  
 
Figure 8.  Number of red (red bars) and orange (orange bars) M. capitata colonies exhibiting 
30% tissue loss during South and North Bay infection experiments.  No red colonies developed 
tissue loss during the experiment. However, a significantly greater number of orange colonies 
from the South Bay exhibited tissue loss compared with orange colonies in the North Bay.  
 
                                                                                                                         
 
0
1
2
3
4
5
6
7
8
South North
N
u
m
b
er
 o
f 
co
lo
n
ie
s 
ex
h
ib
it
ijn
g 
ti
su
e 
Lo
ss
  
 39 
 
South Bay Infection Experiments 
PPO and Melanin Cascade 
When all measures of immune function were evaluated for orange and red colonies 
exposed to four treatments in the South Bay infection experiment, MANOVA identified a 
significant treatment effect (p=0.016; Table 2), but no significant effect of color p=(0.17) or 
color x treatment interaction (p=0.10). Since 8 colonies of each color were exposed to all of the 
treatments, colony was nested within color for all of these analyses. Follow up two-way 
ANOVAs identified several significant effects among the individual immune measures.  
Whereas PPO activity was not significantly affected by color or treatment (Fig. 9A), there was a 
significant effect of color on melanin concentration (p=0.0034), and post-hoc testing confirmed 
that orange colonies have significantly higher melanin concentration than red colonies in all 
treatments except for the pathogen (OCN008) treatment (Tukey’s HSD Post-Hoc, p<0.003; Fig. 
9B). A significant color x treatment effect on melanin concentration was also observed (p=0.01; 
Fig. 9B). Post-hoc tests indicated that red colonies in all treatments and orange colonies in the 
pathogen (OCN008) treatment had lower melanin concentrations than orange colonies in the 
initial, control, or non-pathogenic (OCN004) treatments (Tukey’s HSD Post-Hoc, p<0.05; Fig. 
9B).  
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Antioxidants 
Two way ANOVAs confirmed a significant treatment effect for SOD and CAT activity 
(p=0.00055 for SOD, p=0.0058; Fig. 10A, 10B).  For SOD activity, the OCN008 treatment 
shows significantly reduced activity compared to the initial, control, and OCN004 treatments 
(Tukey’s Post Hoc test, p<0.02; Fig. 10A). CAT activity was significantly reduced in the 
OCN008 treatment compared to the initial treatment (Tukey’s Post Hoc Test, p=0.036; Fig. 
10B). POX activity did not vary significantly between color and treatment (Fig. 10C).  
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Table 2: MANOVA and post-hoc tests on immune function measures in the South Bay Infection 
Experiment. Eight colonies of each color morph (red and orange) of Montipora capitata were 
exposed to four treatments: Initial, Control, OCN004 (non-pathogenic bacterium), OCN008 
(MWS pathogen). Colonies are nested within color.  Stars indicate a statistical difference at 
p<0.05. 
Dataset/Factors Statistical Test Wilks 
Approx 
Df F  P value 
INFECTION EXPERIMENT      
      
South Bay  2-way MANOVA     
Color  0.22 1 2.78 0.17 
Treatment  0.076 3 2.60 0.016* 
Color: Treatment  0.14 3 1.79 0.096 
      
PPO 2- way ANOVA     
Color   1 0.64 0.44 
Treatment   3 0.41 0.75 
Color: Treatment   3 0.085 0.97 
      
Melanin 2- way ANOVA     
Color   1 12.41 0.0034* 
Treatment   3 1.18 0.33 
Color: Treatment   3 4.18 0.011* 
      
SOD 2- way ANOVA     
Color   1 1.69 0.21 
Treatment   3 7.16 0.00055* 
Color: Treatment   3 1.58 0.21 
      
CAT 2- way ANOVA     
Color   1 1.04 0.34 
Treatment   3 4.97 0.0058* 
Color: Treatment   3 1.64 0.26 
      
POX  2- way ANOVA     
Color   1 1.85 0.21 
Treatment   3 2.56 0.084 
Color: Treatment   3 1.05 0.39 
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Figure 9: Mean (±SE) (A) prophenoloxidase (PPO) activity and (B) melanin content in red (red 
bars) and orange (orange bars) color morphs of Montipora capitata from the South Bay infection 
experiment. Common letters above the bars indicate groups that are not significantly different 
from each other by Tukey’s post-hoc tests. 
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Figure 10: Mean (±SE) (A) superoxide dismutase (SOD) activity, (B) catalase (CAT) activity, 
and (C) peroxidase (POX) activity in red (red bars) and orange (orange bars) color morphs of 
Montipora capitata from the South Bay infection experiment. Common letters above the bars 
indicate groups that are not significantly different from each other by Tukey’s HSD post-hoc 
tests. For each bar, n=8 unless otherwise noted in parentheses. 
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North Bay Infection Experiment 
PPO and Melanin Cascade 
A two way MANOVA on all immune measures identified a significant treatment effect 
(p<0.0001) and a significant color x treatment interaction in the North Bay infection experiment 
(p=0.0038; Table 3). Two-way ANOVA found a significant treatment effect in PPO activity 
(p=0.0014; Fig. 11A), and Tukey’s HSD Post Hoc tests confirmed significantly higher levels of 
PPO activity in the OCN004 treatment compared to the other three treatments (p<0.04; Fig. 
11A). In contrast, melanin content was unaffected by color morph or treatment (Fig. 11B).  
 
Antioxidants 
Significant treatment effects were also identified by two-way ANOVA for SOD and CAT 
activity (p=0.00023 for SOD, p=0.013 for CAT; Fig. 12A, 12B). For SOD, the OCN008 and 
initial treatments had significantly lower SOD activity than the OCN004 non-pathogenic control 
(Tukey’s Post Hoc tests, p=0.0001; Fig. 12A). CAT activity was significantly higher in the 
OCN004 nonpathogenic treatment compared to the initial treatment (Tukey’s Post Hoc Tests, 
p=0.0035; Fig.12B). For POX activity, two-way ANOVA identified a significant color effect 
(p=0.013), with red colonies exhibiting higher levels of activity than orange colonies (Tukey’s 
HSD Post Hoc Test, p=0.013; Fig. 12C). There was also a significant treatment effect on POX 
activity (p<0.0001), in which the control and OCN004 treatments had significantly higher levels 
of POX activity than the initial or OCN008 treatments for (Tukey’s HSD Post Hoc Tests, 
p<0.0001; Fig. 12C).  
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Table 3: MANOVA and post-hoc tests on immune function measures in the North Bay Infection 
Experiment. Eight colonies of each color morph (red and orange) of Montipora capitata were 
exposed to four treatments: Initial, Control, OCN004 (non-pathogenic bacterium), OCN008 
(MWS pathogen). Colonies are nested within color. Stars indicate a statistical difference at 
p<0.05. 
 
Dataset/Factors Statistical Test Wilks  
Approx 
Df F  P value 
 
INFECTION EXPERIMENT      
North Bay 2-way MANOVA     
Color  0.20 1 3.24 0.14 
Treatment  0.15 3 5.01 P<0.0001* 
Color: Treatment  0.32 3 2.57 0.0038* 
      
PPO 2- way ANOVA     
Color   1 1.21 0.29 
Treatment   3 6.17 0.0014* 
Color: Treatment   3 1.84 0.16 
      
Melanin 2- way ANOVA     
Color   1 0.46 0.51 
Treatment   3 0.59 0.63 
Color: Treatment   3 1.68 0.19 
      
SOD 2- way ANOVA     
Color   1 0 0.99 
Treatment   3 8.09 0.00023* 
Color: Treatment   3 1.37 0.27 
      
      
CAT 2- way ANOVA     
Color   1 0.11 0.75 
Treatment   3 4.19 0.013* 
Color: Treatment   3 1.91 0.15 
      
POX 2- way ANOVA     
Color   1 8.19 0.013* 
Treatment   3 17.59 P<0.0001* 
Color: Treatment   3 1.91 0.14 
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Figure 11: Mean (±SE) (A) prophenoloxidase (PPO) activity and (B) melanin content in red (red 
bars) and orange (orange bars) color morphs of Montipora capitata from the North Bay infection 
experiment.  Common letters above the bars indicate groups that are not significantly different 
from each other by Tukey’s HSD post-hoc tests.  
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Figure 12: Mean (±SE) (A) superoxide dismutase (SOD) activity, (B) catalase (CAT) activity, 
and (C) peroxidase (POX) activity in red (red bars) and orange (orange bars) color morphs of 
Montipora capitata from the North Bay infection experiment. Common letters above the bars 
indicate treatment groups that are not significantly different from each other by Tukey’s HSD 
post-hoc tests.  For each bar, n=8 unless otherwise noted in parentheses. 
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CHAPTER IV: DISCUSSION 
Differences in the immune response and susceptibility to disease in corals may be linked 
to variations in the genotype or history of the host, the environment, and/or to pathogen 
virulence. Invertebrates, including corals, rely on innate immune mechanisms to protect them 
against changing environmental conditions, as well as the increasing number of diseases and 
epizootics (reviewed in Rosenberg et al, 2007, Palmer et al., 2012, Pinzon et al., 2014a,b, 
Mydlarz et al., in press). Coral immunity is comprised of several conserved attributes that 
respond to stress in three phases: recognition, signaling and effector responses (Palmer et al., 
2010, Palmer and Knowles, 2012, Pinzon et al., 2014a). Several immune mechanisms have been 
studied in corals, including immune related genes coding for toll like receptors (TLRs), lectins, 
and nucleotide oligomerization domain like receptors [NLRs] (Miller et al., 2007, Shinzato et al., 
2011, Kaniewska et al., 2012), the melanin synthesis cascade, which includes prophenoloxidase, 
phenoloxidase, and melanin (Söderhäll and Cerenius 1998, Mydlarz and Harvell 2007, Mydlarz 
et al., 2009, Cerenius et al., 2010, Palmer et al, 2010, Palmer et al., 2012, Palmer and Knowles, 
2012), antimicrobial compounds and peptides (Gochfeld et al., 2006, Couch et al., 2008, 
Gochfeld and Aeby, 2008, Mydlarz et al., 2009, Mydlarz et al., 2010, Palmer et al., 2010, 
Palmer et al., 2011, Vidal-Dupiol et al., 2011a,b, Krediet et al., 2013, Mann et al., 2014, Pinzon 
et al., 2014a), and the production of antioxidant enzymes, including superoxide dismutase, 
catalase, and peroxidase (Couch et al., 2008, DeSalvo et al., 2008, Mydlarz et al., 2009, Mydlarz 
et al., 2010, Palmer et al., 2010, Palmer et al., 2011, Mydlarz and Palmer, 2011, McGinty et al., 
2012). Changes in gene expression within corals also aids in maintaining coral immunity, 
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particularly in response to stressors (Medzhitov 2001, Kvennefors et al., 2008, Kvennefors et al., 
2010, Burge et al., 2013, Weiss et al., 2013, Shearer et al., 2014).  For example, in the coral 
Acropora hyacinthus, an induction of gene expression, including genes for HSP binding and 
apoptosis, followed by a return to normal levels, was associated with bleaching initiation, and 
may signal impaired physiological health and the ability to respond to stress (Seneca and 
Palumbi, 2015). 
Several of these immune pathways may be induced when introduced to a pathogen, or 
they may show more constitutive patterns (Mydlarz et al., 2009, Palmer et al., 2009, Mydlarz et 
al., 2010, Palmer et al., 2011). For example, in Acropora millepora, gene expression of the C3 
and mannose-binding C-type lection pathways were up-regulated when colonies were challenged 
with bacteria (Brown et al., 2013).  Prophenoloxidase, the activating enzyme of the melanin 
synthesis pathway, is up-regulated in response to pathogenesis in both gorgonian and 
scleractinian corals (Mydlarz et al., 2008, Palmer et al., 2011). Antioxidant activity, such as 
peroxidase, is known to vary between species and is correlated with disease prevalence (Pinzon 
et al., 2014a).  Antioxidant genes in cnidarians are also known to be induced in response to stress 
(DeSalvo et al., 2008, DeSalvo et al., 2010, Shinzato et al., 2011). For example, in the sea fan 
Gorgonia ventalina, antioxidant genes were upregulated in response to the parasite 
Aplanochytrium spp. (Burge et al., 2013).  Antimicrobial activity, such as antimicrobial peptides 
(AMPs) and secondary metabolites, may also be induced when exposed to stress (Kim et al., 
2000, Dube et al., 2002, Vidal-Dupiol et al., 2011,a,b).  For example, genes for proteins involved 
in pattern recognition, antimicrobial peptides, and wound repair were up-regulated in G. 
ventalina in response to exposure to the parasite Aplanochytrium spp. (Burge et al. 2013).  
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Along with these immune pathways, the coral’s zooxanthellae may also play a role in 
immunity (Ritchie, 2006, Rosenberg et al., 2007, Bourne et al., 2009). Zooxanthellae are crucial 
components of the coral holobiont, contributing to the mucus layer, providing energy required 
for the production of calcium carbonate skeleton, and aiding in the overall health of the coral 
(Brown and Bythell, 2005, Rosenberg et al., 2007, Mydlarz et al., 2010).  For example, 
zooxanthellae can produce secondary metabolites that protect gorgonian corals against oxidative 
stress (Mydlarz and Jacobs, 2004). In addition, coral microbial communities are crucial 
components of the coral holobiont and can be part of the first line of immune defense, occupying 
the coral’s surface, tissue, and calcium carbonate skeleton, and protecting corals by producing 
antimicrobial compounds that may inhibit the growth of pathogens (Ritchie et al., 2006, Harvell 
et al., 2007, Rosenberg et al., 2007, Dunn, 2009, Hunt et al., 2012, Krediet et al., 2013). 
Montipora capitata is one of the dominant reef building corals in Hawaii (Aeby et al., 
2010). Especially prevalent in Kaneohe Bay, Oahu, this coral has been plagued by Montipora 
white syndrome, a disease characterized by tissue loss, which occurs in two types, an acute form 
that represents rapid tissue loss, and a chronic form, which represents sub-acute tissue loss (Aeby 
et al., 2010, Ushijima et al., 2012, Ushijima et al., 2014). In laboratory experiments, OCN008, a 
strain of V. coralliilyticus isolated from the surfaces of M. capitata, was found to cause signs of 
acute MWS (Ushijima et al., 2014), while the V. owensii strain OCN002 caused signs of chronic 
MWS (Ushijima et al., 2012). While these pathogens have been found to cause MWS in the 
laboratory, other pathogens may also cause MWS in the wild (Aeby, pers. comm.). In the 
experimental portion of this study, I used the acute MWS pathogen OCN008, due to the shorter 
duration needed for infection experiments.  
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Kaneohe Bay is one of the most well researched estuarine systems relative to point source 
and non-point source pollution, as well as other geochemical properties (Smith, 1981, Hunter and 
Evans, 1995, De Carlo et al., 2007, Hoover and Mackenzie, 2009, Drupp et al., 2011). Kaneohe 
Bay experiences freshwater runoff due to streams that run throughout Oahu, enabling naturally 
high levels of inorganic nutrients (specifically nitrate and silicates) from the groundwater to enter 
the Bay (Bienfang et al., 2009, Drupp et al., 2011). Due to the more agricultural, rural, and 
freshwater stream runoff, nitrate levels are higher in the North Bay (Cox et al., 2006), whereas 
the South Bay has higher levels of particulate nutrients, including dissolved inorganic nitrogen 
(DIN) and carbon (DIC), and higher levels of chlorophyll a, due to the different amounts of 
phytoplankton between the two regions (Cox et al., 2006). These nutrient influxes are controlled 
by runoff, watershed morphology, retention times, tidal mixing, and seasonal fluctuations of 
evaporation and precipitation, and facilitate susceptibility to events such as disease (De Carlo et 
al., 2007, Drupp et al., 2011).  
 In this study, I explored the activity levels of five immune responses, two related to the 
melanization pathway (PPO, melanin) and three antioxidants (SOD, CAT, and POX), within 
natural populations of M. capitata to observe constitutive levels of activity, and in an infection 
experiment to determine whether these responses are inducible in M. capitata in response to 
inoculation with a pathogen known to cause acute MWS in laboratory experiments (Ushijima et 
al., 2014).  In both the laboratory experiments and the natural populations, I tested colonies of 
both orange and red color morphs from the North and South regions of the Bay, which differ in 
environmental conditions, as well as naturally occurring healthy and diseased pairs of orange M. 
capitata colonies with acute and chronic forms of MWS from the South Bay.   
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 Based on the differential prevalence of MWS in M. capitata, which is higher in orange 
colonies than in red colonies (Aeby and Shore-Maggio, unpubl. data) and in the South Bay 
(Aeby et al., 2010), I predicted that there would be differences in constitutive immune activity 
between red and orange colonies from the North and South Bay, with red colonies from the 
North Bay exhibiting the highest amount of immune activity, making them least susceptible to 
disease. In the infection experiment, I predicted that the measured innate immune defenses 
would be inducible and would increase in response to pathogenesis. Overall, I found differences 
in constitutive and inducible immune activity between red and orange M. capitata colonies in the 
North and South Bay, which may, at least in part, explain the differences in disease prevalence 
within the bay.   
 
Natural Populations: Constitutive Immunity  
 Melanization and the melanin-activating prophenoloxidase cascade are important 
immune responses in many invertebrates, including corals (Cerenius et al., 2008, Palmer and 
Knowles, 2012). In the present study, corals from the North Bay exhibited higher levels of PPO 
activity than corals from the South Bay; however, there was no significant difference in melanin 
concentrations between the two locations. When observing naturally healthy and MWS infected 
tissues of M. capitata, melanin concentrations were not significantly increased in infected tissue.  
There does appear to be a higher level of melanin in the corals affected by acute MWS than in 
their healthy neighbors, but the low sample size may have reduced the power needed to 
determine a significant difference in melanin content.  If this difference held true over a larger 
sample size, it might indicate an induction in melanin in infected tissues, which might be used as 
an immune response when invaded by the MWS pathogen, as has been shown in both hard and 
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soft corals, including Montastraea faveolata (Mydlarz et al., 2009) and G. ventalina (Couch et 
al., 2013). In contrast, there was no difference in PPO activity or melanin in colonies affected by 
chronic MWS, compared to healthy neighbors.   
 Antioxidants and antioxidant genes are also crucial in immunity by removing oxygen 
radicals during pathogen-induced host response and environmental stress (Merle et al. 2007, 
DeSalvo et al., 2008, Császár et al., 2009, Rodriguez-Lanetty et al., 2009, Mydlarz et al., 2010, 
Palmer et al., 2011, Mydlarz and Palmer, 2011, Pinzon et al., 2014a). In the natural populations 
of M. capitata, catalase was the only antioxidant that exhibited variability in constitutive levels. 
Red colonies from the North Bay exhibited higher constitutive levels of catalase compared to 
orange colonies, although there was no difference in catalase activity between color morphs in 
the South Bay. Higher levels of catalase activity in the North Bay red colonies may provide some 
resistance to disease relative to orange colonies. In healthy vs. MWS infected orange colonies 
collected from the reef, catalase was naturally higher in healthy samples than in those infected 
with acute MWS, suggesting that colonies have individual variability in their ability to up-
regulate immune defenses, leading to differences in disease susceptibility against MWS.  
However, the absence of differences in the remaining enzymes does not rule out the possibility 
that these are inducible, in which case the constitutive levels may be similar until tissues are 
invaded by the MWS pathogens (Mydlarz et al., 2008, Mydlarz et al, 2010, Palmer et al., 2011, 
Palmer and Knowles, 2012, McGinty et al., 2012).  
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Infection Experiments- Inducible Immunity  
 In my experiments, M. capitata colonies exhibited different immune responses depending 
on whether they were from the North or South regions of Kaneohe Bay. In the South Bay 
infection experiment, five orange colonies (62.5%) developed tissue loss associated with acute 
MWS during the 96 hour experiment; from the North Bay, only one orange colony (12.5%) 
presented the signs of acute MWS. None of the red colonies from either location showed signs of 
acute MWS.  This was the first laboratory experiment to compare the responses of both color 
morphs from both regions of Kaneohe Bay to the acute MWS pathogen (Aeby pers. comm.), and 
these results support field data that indicate a greater susceptibility of orange colonies to MWS 
than red colonies (Shore-Maggio et al., in review), and a greater prevalence of MWS in the 
South Bay (Aeby et al., 2010). 
In the infection experiments, PPO, SOD, CAT and POX activity were generally higher in 
corals from the North Bay than the South Bay for both color morphs. Higher levels of immune 
activity could enhance resistance to MWS for colonies from the North Bay compared to those 
from the South Bay, which could contribute to the lower disease prevalence in the North Bay. In 
the North Bay infection experiment, PPO, SOD, CAT and POX activity varied between 
treatments, whereas only melanin content, SOD and CAT activity varied between treatments in 
the South Bay infection experiment. Corals in the North Bay, but not the South Bay, experiment, 
exhibited elevated levels of immune defenses when exposed to the nonpathogenic Alteromonas 
sp. OCN004 strain. This variability in activity suggests that corals from the North Bay are able to 
up-regulate a stress response directed against invading bacteria, even if they are non-pathogenic 
(Vidal-Dupiol et al., 2014).  In both infection experiments, however, when exposed to the V. 
coralliilyticus OCN008 pathogen, colonies showed either reduced or no change in immune 
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function compared to the other treatments, suggesting that the pathogen may have virulence 
factors that enable it to reduce immune function in M.capitata (Vidal-Dupiol et al., 2011a). 
 
Variability in M. capitata Immunity  
Variation in M. capitata immunity may be due to differences in (1) the innate plasticity of 
immune defenses in individual colonies, (2) other immune responses not explored in this study, 
(3) other components of the holobiont (e.g., zooxanthellae and/or microbial community), (4) 
water quality and pathogen loading between North and South Kaneohe Bay, and/or (5) virulence 
factors in potential pathogens that might suppress immune activity in M. capitata.  
Differences in immune plasticity between colonies may provide insight into the 
variability of disease susceptibility throughout Kaneohe Bay. Orange colonies are more 
susceptible to MWS than red colonies, and MWS is less prevalent in the North Bay, and 
throughout the study, differences in immune activity were observed between red and orange 
colonies from the different regions of Kaneohe Bay. In the natural populations, red colonies from 
the North Bay had higher levels of immune activity than orange colonies, and when exposed to 
non-pathogenic bacteria in the lab, colonies from the North Bay were able to up-regulate an 
immune response, whereas colonies from the South bay exhibited little to no change. However, 
when exposed to the pathogenic OCN008 strain, there was suppression of the melanin pathway 
and antioxidant enzymes in red and orange colonies from both the North and South Kaneohe 
Bay. This suppression of activity suggests that M. capitata colonies, when exposed to a 
particular pathogen, at least under the conditions of this laboratory experiment, may not have 
enough immune plasticity in order to defend itself against MWS, which is crucial to survival in a 
changing environment (Mydlarz et al., 2008, Work et al., 2012, Couch et al., 2013).  
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Montipora capitata colonies may also use additional immune defenses not explored in 
this study, which may account for the differences in immune response.  For example, M. capitata 
produces secondary metabolites that inhibit the growth of diverse human and coral pathogens, 
including OCN008 (Gochfeld et al., 2014), and this antibacterial activity varies between healthy 
and MWS-affected corals (Gochfeld and Aeby 2008). Also, red and orange M. capitata colonies 
differ in their production of antibacterial secondary metabolites (Gochfeld et al., 2014), all of 
which likely contribute to their differential susceptibility to disease. Antimicrobial peptides have 
not yet been identified from M. capitata, but function in immunity in other cnidarian systems 
(reviewed in Augustin et al., 2010, Vidal-Dupiol et al., 2011a, b). Inducibility of genes for other 
immune parameters have not been studied in this coral system, but have been shown to provide 
immunity in other coral species (Schwarz et al., 2007, Kvennefors et al., 2008, Kvennefors et al., 
2010, Libro et al., 2013). For example, in the coral, Acropora millepora, the C-type lectin 
millectin was up-regulated when corals were challenged with peptidoglycan or 
lipopolysaccharide (LPS), a component of bacterial cell walls (Kvennefors et al., 2008).   
In addition to differences in host immune activity levels, red and orange M. capitata 
colonies house different clades of zooxanthellae (LaJeunesse et al., 2004), and recently, it has 
been shown that the two color morphs have different associated microbial assemblages (Shore-
Maggio et al., in review). Variation in zooxanthellae and microbial communities in coral 
communities may contribute to the differences in their susceptibility to disease (Rosenberg et al., 
2007, Sussman et al., 2009, Mydlarz et al. 2010).  For example, in McGinty et al. (2012), 
reactive oxygen species (ROS) and antioxidant production varied among zooxanthellae clades 
and elevated temperatures. Zooxanthellae and associated microorganisms reside within the coral 
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and aid in microbial protection by producing antimicrobial compounds, secondary metabolites, 
and antioxidants (Harvell et al., 2007, Ritchie, 2006, Mydlarz et al, 2010, McGinty et al., 2012).  
Variability in immune responses within Kaneohe Bay may also be due to the differences 
between nutrients, runoff, and general water quality between the North and South Bay (Smith, 
1981, Hunter and Evans, 1995, Aeby, 2007, Drupp et al., 2011), which have implications for 
both coral condition and water column microbial communities, including pathogen loading. In 
this study, there was suppression in immune activity in colonies from both regions of the bay 
when exposed to the acute MWS pathogen; however, visible tissue loss was seen only in orange 
colonies and mostly in the South Bay, which correspond with field observations (Aeby et al., 
2010). Constitutive levels of PPO and CAT activity were also higher in the North Bay compared 
to the South Bay. Studies have shown that poor water quality, sedimentation, and increased 
nutrients can increase susceptibility to disease in corals (Voss and Richardson, 2006, Rosenberg 
et al., 2007, Redding et al., 2013, Sheridan et al., 2014, Vega Thurber et al., 2014). In the North 
Bay, there are higher levels of nitrates in the water column, most likely due to the rural and 
agricultural runoff (Aeby, 2007, Drupp et al., 2011); however; the South Bay is higher in 
phosphates and dissolved inorganic nutrients (Hunter and Evans, 1995, Aeby, 2007). The South 
Bay is also subjected to large freshwater, nutrient enriched plumes that can trigger phytoplankton 
blooms (De Carlo et al., 2007, Drupp et al., 2011), all of which could stress the corals in the 
South Bay to a point at which they are unable to induce the necessary immune responses, and 
increase their susceptibility to disease. Likewise, the naturally higher levels of oxidative stress 
enzymes, as well as the inducibility of these enzymes by a non-pathogenic bacterium in the 
North Bay, may due to the higher level of nitrates. It is possible that corals from the North Bay 
may respond to the higher levels of nitrates by a natural increase in immune activity, so that 
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when confronted with a novel stressor, such as a pathogen, they are able to effectively respond. 
Higher antioxidants in the North Bay may also indicate that these corals are better able to cope in 
an environmentally stressed system, unlike like their South Bay counterparts. Many organisms 
live in environmentally stressed conditions, and in order to survive, they must evolve a suite of 
adaptations to cope with the undesirable conditions. For example, some corals that are constantly 
exposed to higher sea temperatures may develop a heat tolerance, which enhances their ability to 
adapt as climate change increases (Palumbi et al., 2014).  Potential differences in microbial 
communities within Kaneohe Bay may also play a role in immune variability. Differences in 
pathogen loading and pathogen pressure can compromise immune defenses (Horrocks et al., 
2011). Due to the enclosed nature and longer retention times of South Kaneohe Bay, there may 
be a higher density of pathogenic microbes, decreasing the tolerance and immune responses of 
M. capitata colonies within this area of the bay. The fact that orange and red colonies of M. 
capitata harbor different microbial communities (Shore-Maggio et al., in review) may also affect 
their differential resistance to MWS.  
Pathogen virulence factors can also have a major effect on coral immunity by decreasing 
host immune response. For example, V. coralliilyticus is one of the most widely studied marine 
pathogens, and is globally distributed (Ben-Haim et al., 2003, Vidal-Dupiol et al., 2011a, 
Ushijima et al, 2012, Ushijima et al, 2014, Vidal-Dupiol et al., 2014, Zaragoza et al., 2014).  
Like many Vibrio spp., various strains of V. coralliilyticus infect a diversity of marine organisms, 
including corals, and have a suite of virulence factors, including chemotaxis, adhesion, flagella 
motility, zinc metalloproteases, and antibiotic production that make it a successful pathogen that 
can interfere with numerous host responses (Meron et al., 2009, Sussman et al., 2009, de O 
Santos et al. 2012, Vidal-Dupiol et al., 2011a, Kimes et al., 2012).  
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In the present study, exposure to the acute MWS pathogen suppressed melanin, SOD and 
CAT activity in colonies from the South Bay and SOD and POX activity in colonies from the 
North Bay.  The suppression of multiple immune responses, especially several antioxidants, 
suggests that the V. coralliilyticus strain, OCN008, may indeed possess a virulence factor that 
can suppress several immune responses at once, enabling it to successfully invade the coral. In 
the North Bay, however, there was an induction in PPO, SOD, CAT, and POX activity upon 
exposure to the non-pathogenic bacterium, indicating that these enzymes are inducible in 
response to certain bacterial signals.  The greater inducibility of these immune enzymes may 
suggest why the North Bay shows lower disease prevalence than the South Bay (Mydlarz et al., 
2008, Palmer et al., 2011, Pinzon et al., 2014a) and indicates that the North Bay corals have 
greater potential for resilience within a variable environment. 
 
Conclusion 
 In conclusion, while there are some differences in immune function between the North 
and South Bay corals, there is still much to be discovered. Constitutive activity of PPO and CAT 
supported the fact that North Bay sees lower disease prevalence due to higher levels of immune 
responses. North Bay colonies were able to induce a response when exposed to a non-pathogenic 
bacterium, unlike the South Bay colonies, which showed no response to bacterial challenge. 
Colonies from both the South and North Bay experienced a decrease in immune response when 
exposed to the acute MWS pathogen, OCN008. This suppression may due to many internal and 
external factors, including preferential use of certain immune responses, environmental stress 
associated with water quality, and virulence factors in the pathogen that can successfully 
suppress immune response. Further studies should explore other sources of the differences in 
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immune function between the two regions and the color morphs. Other types of immune 
function, such as antimicrobial activity, the physiological contribution of zooxanthellae, and a 
proteomic or transcriptomic approach to identify specific immune genes and proteins responding 
to pathogen challenge, could be employed to further understand the immune repertoire of M. 
capitata.  This study opens a gateway to further explore the immune system of the dominant reef 
building coral in Hawaii, and will assist in predicting the health of this vital ecosyste
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